are relatively modest in the catalytic core domain between structures but increase with increasing distance from this region, as is particularly evident for the ABC signature sequence. When the catalytic domains of one NBD in the intact HI1470/1 transporter and one NBD in the intact BtuCD transporter are superimposed, the relative positions of the partner NBDs observed in these structures are shifted by a translation or screw component of~4.5 Å along an axis parallel to the interface between NBDs (Fig. 4B) ; this translational component repositions the two NBDs in a direction perpendicular to that generated by the tweezers-type motion observed between different nucleotide states of MalK (27) , which also corresponds to the hinge motion between BtuD and the closed form of MalK. Notably, the direction of this translational shift coincides with the direction of the twist motion observed between the TMDs of HI1470/1 and BtuCD (Fig. 3A) . This screw component arises from the coupling of the local rotation axes relating individual NBDs in different structures to the molecular two-fold rotation, which generates a displacement along the subunit-subunit interface as the separation between NBDs varies (Fig. 4C) . The linkage between NBD positioning and the twist between TMDs supports a coupling mechanism connecting the permeation pathway and nucleotide state of the transporter, where the ABCs can remain juxtaposed during the transport cycle.
The structures of HI1470/1 and BtuCD demonstrate that inward-and outward-facing conformations of an importer-type ABC transporter may be accommodated with relatively little change in overall architecture. Because neither HI1470/1 nor BtuCD were crystallized in the presence of nucleotide, binding protein, or ligand, the energetic basis of the differential stabilization of alternate conformations is not obvious; one possibility is that the substitution of the native bilayer with detergent has shifted the equilibrium between inward-and outward-facing conformations. A comparable phenomenon has recently been discussed for the conformation of the voltage sensor in potassium channels (30) . Lattice contacts overlapping the molecular two-fold axis of HI1470 and the periphery of BtuD could also play a role in stabilizing the observed conformations of the ABCs. Consequently, despite the differences in structures of HI1470/1 and BtuCD, it is not possible to establish the correspondence between nucleotide state and transporter conformation with certainty; however, the closer juxtaposition of ABC subunits in BtuCD relative to HI1470/1 suggests that the outward-facing conformation of the transporter corresponds to the closed (ATP) state of the NBDs, as suggested by Chen and Davidson (27) and as observed for Sav1866 by Dawson and Locher (22) . A notable aspect of the switch in translocation pathways between inward-and outward-facing conformation is the packing rearrangement of helices TM3 to TM5 with respect to the remainder of the TMD. In view of the internal duplication evident in the helix packing arrangements of HI1470/1 and BtuCD, as well as other channels and transporters (13) , this suggests the possibility that the internal symmetry is inherent in the mechanistic transition between inward-and outward-facing conformations. large (1-to 12-kb), repetitive switch (S) region sequences that lie upstream of given C H genes (Fig. 1A) . Gene-targeted deletion of S regions (2) (3) (4) or their replacement with non-S region sequences (4, 5) greatly diminishes CSR, indicating that S regions are specialized targets for CSR events. CSR requires activation-induced cytidine deaminase (AID) (6) , which deaminates cytosine residues in DNA (1), and transcription through S regions as a means of AID access (1, 7) . Certain DNA repair pathways have been coopted to process deaminated cytidines in S regions into DNA double-strand breaks (DSBs) (8) , which are CSR intermediates (9) (10) (11) . Joining of a DSB within the donor Cm S region (Sm) to a DSB within a downstream S region completes CSR (1) .
During CSR, AID introduces multiple DSBs into S regions, with some being joined between two S regions to effect CSR and others being rejoined or joined to other DSBs within the same S region to generate internal S region deletions (12) . DSB response proteins, including ATM, 53BP1, and H2AX, are necessary for normal joining of CSR DSBs, potentially because they facilitate end joining (13) and/or contribute to bringing two different S regions together in a process referred to as synapsis (14, 15) . S regions might function in synapsis by generating unusual structures or binding synapsis factors (16) . In the V(D)J recombination process that assembles Ig variable-region V, D, and J segments to generate antibody diversity, synapsis is carried out by the RAG endonuclease that cleaves the segments (1) . By analogy, AID also might function in S region synapsis, perhaps via interactions of S region-bound AID molecules and unknown cofactors (17) . Alternatively, S regions may simply serve as targets for AID-generated DSBs and have no requisite downstream functions. The latter possibility leaves unanswered the question of how DSBs in donor Sm and acceptor downstream S regions are synapsed.
To elucidate CSR synapsis mechanisms, we asked whether recombinational IgH class switching in B cells could be established without S regions or AID. Specifically, we asked whether site-specific DSBs could replace Sg1, or both Sm and Sg1, in mediating class switching to IgG1. To generate the DSBs, we selected the yeast I-SceI endonuclease (18) , which recognizes an 18-base pair (bp) target that is rare in the mammalian genome (19) and which generates DSBs with staggered ends (Fig. 1A) (18) . We used gene targeting to generate the DSg1/I-SceI a allele by replacing the 12-kb endogenous Sg1 on the g 1 a allele of an g 1 a /g 1 b F1 embryonic stem (ES) cell line with a cassette that contained two I-SceI sites in inverted orientation flanking 500 bp of sequence (Xpf intron) that has no inherent CSR activity (Fig. 1, A and B, and fig. S1) (5). We used this strategy to mimic the internal S region deletion versus long-range CSR events that occur during normal CSR. Thus, the two I-SceI sites flanking the inert spacer allow us to estimate the frequency with which DSBs are joined at short range (500 bp) relative to the frequency at which they are joined over long range (100 kb) to Sm DSBs. For replacement of both Sm and Sg1, we started with ES cells harboring a DSg1/I-SceI a allele, deleted the 4.6-kb Sm region (3), and then replaced Sm with two I-SceI sites in inverted orientation (Fig. 1, A and B). The resulting allele, in which both Sm and Sg1 were replaced with I-SceI sites, was termed DSmDSg1/I-SceI a ( Fig. 1B and fig. S1 ). We also selected ES cells homozygous for the DSmDSg1/I-SceI a allele ( fig. S1B ). We used targeted ES cells to generate normal splenic B cells via RAG-2-deficient blastocyst complementation (20) .
To assess effects of the Sg1 replacement, we assayed IgG 1 ( Fig. 2, A and B) . However, infection of activated DSg1/I-SceI a or DSmDSg1/I-SceI a B cells with a retrovirus (pMX-I-SceI) that expresses I-SceI stimulated IgG 1 a secretion by 50-fold or more to quantities that, on average, were about 10 to 20% of those of wild type (Fig.  2, A and B) . As a control, pMX-I-SceI infection of wild-type B cells had no obvious effect on IgG 1 a switching (Fig. 2, A and B) . Amounts of retroviral infection in different experiments ranged from 20 to 70% of the cells (fig. S3) . Therefore, many cells in assayed populations were not exposed to pMX-I-SceI, which means that the relative efficiency of I-SceI-dependent switching to IgG 1 on the targeted alleles of pMX-I-SceI-infected B cells, as compared with bona fide CSR to IgG 1 on wild-type alleles, was even higher than observed.
We confirmed the surprisingly high amounts of IgG 1 a switching in the pMX-I-SceI-infected mutant B cells by several independent methods, including B cell hybridoma analyses ( fig. S4 ), flow cytometry ( fig. S3) (Fig. 2C and fig. S5 ). In control experiments, about 40% of similarly stimulated wildtype cells switched to IgG 1 (fig. S5) . Thus, switching on S region mutant alleles approached 20% of wild-type quantities, with the highest amounts appearing to correspond with the highest amounts of retroviral infection. Lastly, DSmDSg1/ I-SceI a homozygous B cells stimulated only with LPS showed a similar amount of IgG 1 switching [about 7% (Fig. 2C and fig. S5) fig. S5) (1) .
To test whether the I-SceI-dependent switching to IgG 1 in mutant cells required AID, we generated IgM a -producing hybridomas from DSmDSg1/I-SceI a B cells. As for hybridomas from wild-type B cells, the mutant B cell hybridomas did not express detectable AID (Fig.  3A) . In addition, Northern blots failed to reveal germline Cg1 transcripts in these hybridomas ( fig. S6 ). We infected DSmDSg1/I-SceI a hybridomas with pMX-I-SceI and performed ELISpot after 6 days. In these experiments, on average, 7% of the DSmDSg1/I-SceI a hybridomas cells switched to IgG 1 production (Fig. 3, B and C,  and fig. S7 ), indicating that I-SceI-mediated class switching to IgG 1 can be induced in the absence of AID and in the absence of readily detectable Cg1 locus transcripts.
We used polymerase chain reaction (PCR) to characterize recombination junctions from individual DSg1/I-SceI a IgG 1 a -producing hybridomas and found Sm sequences fused, at various sites within Sm, to one or the other I-SceI site (Fig. 1B and fig. S8, A and B) , which along with the I-SceI dependence of these junctions confirmed that I-SceI was responsible for generating downstream acceptor DSBs. Further analyses of several junctions that used the 5′ I-SceI site revealed that half had alterations of the retained 3′ I-SceI site ( fig. S8C ), consistent with I-SceI cutting these sites with high efficiency (19, 21) . All Sm-I-SceI junctions analyzed had a high frequency of mutations (5.5 × 10 −3 per base pair) within the Sm sequence just upstream of the junction, as expected for involvement of AID in the generation of donor Sm DSBs (22) . In contrast, analyzed junctions had only a background frequency of mutations (1 × 10 −4 per bp) in the 500-bp Xpf intron directly downstream of the 5′ I-SceI site, consistent with downstream DSBs being generated by I-SceI ( fig. S8, A to C) . These results show that AIDinduced DSBs in Sm can be joined to DSBs generated by other processes, in this case I-SceI, supporting the notion that such joining could be involved in generating oncogenic translocations. Lastly, we also analyzed recombination junctions from I-SceI-infected DSmDSg1/ I-SceI a B cell or hybridoma populations, and all fell within or in close proximity to I-SceI sites (Fig. 1B and figs. S9 and S11), confirming that I-SceI-dependent switching on DSmDSg1/ I-SceI a alleles involved cutting and joining of I-SceI sequences.
We sought to approximate the impact of distance on ability of two separate I-SceImediated breaks to be joined. To do this, we assessed the frequency of short-range I-SceIdependent deletions resulting from joining DSBs at the two I-SceI sites that flank the 500-bp XPF intron cassette of DSmDSg1/I-SceI a B cell hy- -expressing DSmDSg1/I-SceI a hybridomas were infected with pMX-I-SceI retrovirus and, after 5 days, subcloned by serial dilution; short-range deletions were assessed by Southern blotting and PCR. After pMX-I-SceI infection, about 45 to 60% of DSmDSg1/I-SceI a hybridoma subclones contained short-range deletions within the DSg1/I-SceI a cassette, with most breakpoints occurring at or near the two I-SceI sites (Fig. 4A and figs. S10 and S11). This result confirms that I-SceI cuts efficiently, because both I-SceI sites had to be cut simultaneously to form shortrange joins. Assuming that all inserted I-SceI sites are similarly cut, these findings also indicate that long-range joins of I-SceI DSBs at the location of Sm to I-SceI DSBs 100 kb downstream at Sg1 [which occurred in 5 to 10% of these hybridoma clones (Fig. 3C and figs. S10 and S11)] occur at about 10 to 20% of the frequency of short-range joins between the ISceI DSBs flanking the 500-bp spacer.
We find that AID-initiated DSBs within Smor I-SceI-mediated breaks at the site of Sm frequently locate and join to I-SceI-generated DSBs 100 kb downstream at the normal Sg1 site. Frequencies of resultant I-Sce-I-mediated switching to IgG 1 were at least 5 to 10% of bona fide IgG 1 switching mediated by fulllength Sm and Sg1. In activated B cells, CSR frequency to IgG 1 is proportional to length of the repetitive Sg1 sequence (23) . In this regard, I-SceI sites inserted in place of Sm and Sg1 mediate switching to IgG 1 at about the frequency of an allele containing a full-length (4.6-kb) Sm and a 1-kb Sg1 (23) . This frequency of switching approaches that of normal CSR to some other IgG isotypes, which ranges from 20 to 50% that of IgG 1 (3) . Moreover, the frequency of long-range joins between two I-SceI DSBs in the IgH locus is three to four orders of magnitude greater than that for joining I-SceI DSBs on different chromosomes (19, 21) . Therefore, our studies reveal an unanticipated process that leads to frequent joining of widely separated IgH locus DSBs. Although we do not rule out roles for AID or normal S regions in enhancing joining of AID-initiated DSBs, we conclude that substantial IgH class switching resulting from joining two widely separated I-SceI DSBs requires neither AID nor S regions.
What processes promote synapsis of widely separated IgH locus DSBs? One candidate is B cell-specific higher-order IgH locus structural features, perhaps related to germline C H transcription, that could influence interactions of DSBs in certain locations (1, 7) . However, we find similar amounts of I-SceI-dependent switching to IgG 1 in LPS-activated B cells and IgMproducing hybridomas that have not up-regulated transcription of or CSR to the Cg1 locus. This finding indicates that synapsis of I-SceI DSBs does not require the processes that direct CSR to a particular C H gene and suggests a potential role for more general mechanisms. In yeast and . S10 ). Long-range deletions leading to class switching in the same infected hybridoma populations was estimated to occur in 5 to 10% of the cells (Fig. 3, B and C, and fig. S7 ). (B) A model for synapsis of AIDgenerated DSBs between two S regions during CSR that relies on a general DNA synapsis mechanism that leads to a high relative frequency of long-range (up to 200 kb) versus short-range joining or rejoining of DSBs within a chromosome. mammalian cells, widely separated DSBs can be brought together before repair (24, 25) . In this regard, activated DSB response proteins, such as g-H2AX, form foci that spread over chromatin regions up to a megabase flanking DSBs (26) , and these proteins have been implicated in S region synapsis (14) . Therefore, an attractive possibility is that simultaneous DSBs within the several-hundred-kb C H portion of the IgH locus might generate overlapping domains of activated DSB response factors that promote synapsis and long-range joining, potentially as a by-product of a general mechanism that evolved to prevent translocations (13) . Such a mechanism might also contribute to the propensity of certain chromosomal regions to undergo deletions (27) .
In our model system, retrovirally introduced I-SceI frequently generates multiple DSBs within the IgH locus in activated B cells, which results either in rejoining of a DSB at a given I-SceI site, short-range deletions from joining DSBs at two proximal I-SceI sites (e.g., inserted in place of Sg1), or long-range deletions from joining a DSB at an I-SceI site that replaced Sm with a DSB at an I-SceI site that replaced Sg1 (Fig. 4A ). This pattern is reminiscent of the fate of the multiple AID-induced DSBs in S regions (12, (28) (29) (30) (Fig. 4B) . Moreover, long-range deletions occurred at an apparent frequency that was roughly 10 to 20% that of short-range deletions (Fig. 4A) . Although I-SceI-and AIDgenerated breaks are not necessarily equivalent, these findings suggest an unanticipated aspect of the IgH CSR synapsis and joining mechanism.
Specifically, we propose that the CSR evolved to ensure that the number of AID-dependent DSBs introduced into two participating S regions during the course of a given B cell's activation (3 to 4 days) is sufficiently high to yield physiological cellular amounts of CSR on the basis of a general mechanism that promotes an unexpectedly high relative proportion of long-range joining versus short-range joining or rejoining events (Fig. 4B ).
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Sustainable development requires the reconciliation of demands for biodiversity conservation and increased agricultural production. Assessing the impact of novel farming practices on biodiversity and ecosystem services is fundamental to this process. Using farmland birds as a model system, we present a generic risk assessment framework that accurately predicts each species' current conservation status and population growth rate associated with past changes in agriculture. We demonstrate its value by assessing the potential impact on biodiversity of two controversial land uses, genetically modified herbicide-tolerant crops and agri-environment schemes. This framework can be used to guide policy and land management decisions and to assess progress toward sustainability targets.
B iodiversity and ecosystem function are inextricably linked. The case for biodiversity conservation can be argued on economic, sociocultural, and aesthetic grounds (1) (2) (3) . Although biodiversity loss has occurred across all terrestrial ecosystems, many of its drivers are associated with the intensification of agriculture (4, 5) . Agricultural production is set to double again by 2050 (6) . Unless the footprint of agriculture is carefully managed through sustainable development, both agricultural systems and remaining natural ecosystems will suffer further degradation, increasing the proportion of the world's species threatened with extinction and further limiting the ecosystem services they are capable of providing (7, 8) .
Managing the environmental effects of agriculture requires an assessment of biodiversity risks and benefits for all new agricultural practices (4, 9) . An appreciation of the ecological mechanisms that affect extinction risk is fundamental to the development of risk assessment protocols. One key factor appears to be the degree of specialization shown by a species (10, 11) . Specialists have narrower niche requirements and are disproportionately affected by reduced niche availability; the corollary is that generalist species are likely to be more resilient to environmental perturbation (12) .
We have developed a trait-based risk assessment framework capable of predicting the impact of environmental change on biodiversity and ecosystem services. We used farmland birds as a model system to which to apply this framework. In the United Kingdom, birds have already been adopted as a focus for biodiversity conservation, with an index of wild bird population trends included as one of the government's 15 headline indicators of sustainable development. This indicator, presented as the overall proportional change since 1970, can be partitioned by habitat to reveal underlying trends (13) . The farmland bird index (FBI) component shows that farmland bird populations have almost halved since 1970, and it is widely ac-
